Radiolabeffing experiments with Eyprepocnemis plorans demonstrated that males transfer proteinaceous substances with the ejaculate that are subsequently incorporated into the eggs that the females lay. The amount of male radioactive nutrients detected in the eggs was positively correlated to mating frequency, and the proportion incorporated was almost twice that of egg weight relative to female weight. This might suggest the existence of a specific mechanism selectively incorporating male ejaculate nutrients into the eggs. Another series of experiments with four types of female differing in mating frequency and male availability demonstrated that female production of eggs and embryos is directly proportional to mating frequency. This improvement in female fecundity is from the ejaculate nutrient transfer and both effects are directly dependent on mating frequency. Furthermore, in females crossed sequentially with two different males, there was a significant increase in mating frequency when the female was given the second male. This could be due to an increased mating effort of the second male to displace paternity of the previous male. The low paternity confidence and the polygynandnc mating system that characterize E. plorans suggest that male ejaculate nutrients most likely function as a kind of mating effort rather than paternal investment.
Introduction
Paternal care is rare in insects, but males of many species still contribute to female and offspring fitness by providing nutrients with their ejaculate and thus may influence the pattern of sexual selection (Trivers, 1972; Thornhill, 1976) . Some species, such as tettigoniids, have an external spermatophore which contains, in addition to sperm, a considerable quantity of nutrients that are eaten by the female after mating (Gwynne, 1990) . Insects with an internal spermatophore, such as grasshoppers (Friedel & Gilot, 1977), butterflies (Boggs & Gilbert, 1979) , cockroaches (Mullins & Keil, 1980) and Drosophila (Markow & Ankney, 1984) , also provide nutrients with the ejaculate that are absorbed in the female genital tract and may be incorporated into eggs. This contribution might be a kind of male parental investment because it enhances egg production by recipient females (Boggs & Gilbert, 1979; Gwynne, 1981; Steele, 1986; Butlin et a!., 1987) and represents a cost for males (Gwynne, 1990) , but only in species with high paternity confidence for males (Gwynne, 1984) . For instance, *Correspondence. Markow et a!., (1990) demonstrated in Drosophila mojavensis that a male's donations do not nutrify his own offspring because there is a lag in incorporation into the eggs so that his donations often invest in the next mating male's offspring. Thus most recent studies suggest that these male donations represent mating effort, rather than paternal investment, from the male's perspective (e.g. Simmons & Gwynne, 1993; Simmons eta!., 1993) . Here we report evidence that males of the grasshopper Eyprepocnemis plorans provide females with proteinaceous nutrients that are transferred with the ejaculate and are actively incorporated into the eggs that she subsequently lays. Both the incorporation of male-derived nutrients into eggs and the rate of egg production by females are directly dependent on mating frequency, which demonstrates a direct Experiments to analyse the relationship between the rate of copulation and the rate of egg and embryo production Males and females were collected in the field as last instar nymphs in order to guarantee their virginity. The following four types of female were analysed with respect to male availability and the rate of copulation. Type 1: females that performed only one copulation, after that the male was removed from the cage. The remaining females always had at least one male during the whole experiment, and the copulation rate was recorded. Type 2: females that were placed with one male until they laid about two egg-pods. Type 3: the male in type 2 crosses was substituted by another male, and the period that these same females remained with the second male has been designated as type 3. The practical difference between type 2 and type 3 females is that in the latter sperm competition is taking place, as there is paternity displacement in this species. Type 4: females that were placed in a cage with two males, one of which was marked on the pronotum with nail varnish in order to distinguish and record the copulations of each male.
Thus, type 1 females are strictly single-mated females, type 2 are multiply mated females with the same male, type 3 are the same individuals as type 2 females but in a situation of sperm competition, and type 4 are multiply mated females with double the male availability of type 2 and type 3 females. The experiments with type 1 females lasted for all their lives.
Thus, a possible decay in their productivity at the end of their lives could bias our results because the other types of female were still productive throughout the experiment. In fact, some of the type 1 females spent their two final months without laying a pod, which suggests depletion of the sperm from their single copulation (López-Ledn et a!., 1994) . For this reason, the duration of all the experiments, including those with type 1 females has been taken to the last egg-pod.
Similarly, the time between the initiation of the experiment and the first mating may depend on a number of factors, such as age. Consequently, the experiments were considered to start when the first mating occurred. Thus, the rate of copulation is defined as the number of copulations performed between the first mating and the last egg-pod.
Egg-pods were dissected and the numbers of eggs and embryos per pod were counted. Crosses were examined daily in order to record the rate of copulation and the rate of laying. Since copulation duration is frequently longer than 24 h (López-León et al.,, 1994) , two daily observations were sufficient.
(Spain). All males used in these experiments were first placed with females (that then were discarded for these experiments) to discharge their sperm. When all the experimental males had copulated, they were injected with 30 pL of a solution containing a mixture of 16 different amino acids radioactively marked with '4C (radioactive concentration =50 uCi/mL). Two days later each male was placed in a cage with a female. Simultaneously, control crosses were started with males that had not been injected with the solution.
After each mating a sample of haemolymph was taken from the female. A total of three samples per cross was taken in the majority of crosses, but only two in crosses nos 8 and 12. One or two egg-pods were obtained from each experimental cross to sample eggs for the presence of radioactive amino acids, and four egg-pods were analysed from control crosses. For this purpose, cages were provided with sterilized sand that was checked daily for the presence of egg-pods.
Haemolymph samples (10 juL) were soaked in a piece of filter paper of 1cm diameter, and stored in the dark in a scintillation vial. Eggs were dissected out of the pod, counted and weighed (80 of them). Three sets of five eggs each were squashed on a 1 cm diameter filter paper and stored in the dark in a scintillation vial.
For scintillation counting, 1 mL of tissue solubilizer was added to each sample. After 24 h at room temperature 10 mL of scintillation liquid was added; 24 h later all vials were counted in a Packard Tri-Carb 300 counter. The proportional amount of radioactive amino acids transferred to eggs (Ae) was estimated from the quotient between total radioactive signal in the eggs and that of the female haemolymph before the eggs were laid. Total radioactivity in the eggs is calculated as follows: if five eggs that weigh 5>< We (mean weight per egg 0.0049 1 g) showed a certain radioactive count (Ce) , then N eggs in a certain pod (that weigh Nx We) should show a radioactive signal equal to Ce x N/S.
Radioactive signal in the female before laying is equal to the sum of radioactivity remaining in the female body (measured in haemolymph) and that in the eggs she laid. Thus, Ae in a certain pod is equal to:
where Ce =count in 5 eggs, N= number of eggs in the pod, C1 = count in the female just before laying, and Wf average weight of females (1.47447 g). Assessing C1 is a problem because pod-laying rarely coincided with female sampling. This was solved by extrapolating C1 from the temporal change of female counts over the three samples taken.
Results and discussion

Nutrient transfer to eggs
The results of 12 experimental crosses with Eyprepocnemis plorans showed that radiolabelled males transferred significant amounts of radioactive amino acids to females, and that these were subsequently incorporated into the eggs that females laid (Table 1) . Spearman rank correlation analyses (Table 2) showed that the radioactive counts in female haemolymph were not significantly correlated with the number of days from male injection, the number of matings that occurred before the sample was taken, nor the number of days from first mating. This may be because the female haemolymph is a transient medium for nutrients in their passage from male spermatophore to the eggs. However, as each copulation in K plorans is very long and frequently lasts > 1 day, the total time spent copulating may be a more appropriate measure of mating frequency in this species than simply the number of Table 1 Ejaculate nutrient transfer in Eyprepocnemisplorans copulations, and such an analysis indeed demonstrated a significant positive correlation between the radioactive counts in female haemolymph and the number of days that she had been seen copulating, at least in the two first samples (Table 2 ).
In the eggs counts were positively correlated with the number of copulations (in both the first and the second pods), the number of days from the first mating (in the second pod) and the number of days seen copulating (in both pods; Table 2 ). The highest correlation coefficients were shown by the number of copulations. Thus, ejaculate nutrient transfer to the eggs was significantly dependent on copulation rate. Table 3 shows a calculation of the amount of radioactive counts in the eggs (A e) relative to the counts in female haemolymph (Cf) nutrients are not randomly incorporated into eggs, but that some preferential mechanism exists in E. plorans females for this process. This contrasts with our observation by similar techniques that in the locust L. migratoria proteinaceous ejaculate nutrients are simply incorporated proportionately into the eggs .
Mating strategies
The second part of our investigation sought to ascertain whether ejaculate nutrient transfer has any effect on male and female fitnesses by enhancing the production of offspring. For this purpose, egg and embryo productivities were analysed for four types of female differing in male availability and copulation frequency.
From the results shown in Table 4 , it is apparent that all types of multiply mated females (types 2, 3 and 4) copulated several times before their first egg-pod but only once between consecutive pods, and there were no significant differences among types for both these variables (nos 6 and 7 in Table 4 ). Interestingly, although type 3 females are the same individuals as type 2 ones, they behaved in type 3 crosses as though they had not had previous sexual experience. Thus, when these females were given the first male (type 2) they mated several times (median = 4) until the first egg-pod was laid. Afterwards, however, they mated only once between consecutive egg-pods. When these same females were then given the second male (type 3), again they mated several times (median =2) until the following egg-pod was laid (this was in fact the first eggpod sired by the second male). Afterwards, they mated once with the second male between consecutive pods.
A Wilcoxon signed rank test showed that these two variables (nos 6 and 7 in Table 4 ) were significantly different in type 3 crosses (P 0.0113) and type 2+type 3 crosses (P=0.0001). The increase in the number of copulations with the second male is most likely a consequence of second male strategies to achieve paternity displacement, which is the norm in E.
plorans (López-León et al., 1993) . Increases in male mating effort in situations with risk of sperm competition have also been reported in rats (Bellis eta!., 1990), the beetle Tenebrio molitor (Gage & Baker, 1991) and the Mediterranean fruit fly, Ceratitis capitata (Gage, 1991) . Such observations agree with predictions of sperm competition theory (Parker, 1 990a, b) .
Effects on fitness
The comparison of eight fitness-related variables (nos 1 to 8 in Table 4 ) among the four types of female showed significant differences for five of them: (i) the number of eggs per day, (ii) the number of embryos per day, (ili) the number of days between consecutive eggpods, (iv) the female remating interval after the first egg-pod, and (v) the number of copulations per day. The first two are measures of female productivity of offspring and increased from type 1 to type 4 females. As Fig. 1 shows, offspring productivity was directly
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.0 E 2-z dependent on copulation rate. This was achieved through a shortening in the number of days between consecutive egg-pods with increasing copulation rate (see Table 4 ). The three remaining variables are related to egg-pod laying and copulation. Our results indicate that eggpod laying rate increased significantly from type 1 to type 4 females. Interestingly, type 2-3 females showed significantly higher egg-pod laying rate when paired with the second male than they did with the first male (Wilcoxon signed rank test: T=7, P'0.02, N= 11). This indicates that the higher mating effort of the second male, presumably performed for sperm competition, may accelerate egg-pod laying rate and hence improve female fitness. The third item suggests that the time for female remating after the first egg-pod is laid depends mainly on male availability and, perhaps, on sperm competition risks too. Thus, as Table 4 shows, type 4 females, that possessed double male availability and both males were engaged in sperm competition during the whole experiment, remated much faster after the first egg pod than type 2-3 females that had single male availability and paternity displacement had already been achieved (in type 3 females).
GeneralDiscussion
Male contribution in the form of proteinaceous nutrients in the ejaculate is frequent in insects with internal spermatophores, such as grasshoppers (Friedel & Gillot, 1977; Butlin et al., 1987; Pardo eta!., 1994), butterflies (Boggs & Gilbert, 1979) , cockroaches (Mullins et al., 1992) and Drosophila (Pitnick et al., 1991) . It has been demonstrated separately that ejacu- The present investigation confirms the hypothesis that species in which males provide benefits to their mates show high levels of last male sperm precedence (Walker, 1980; Gwynne 1984) ; E. plorans is characterized by highly significant male reproductive investment, in the form of proteinaceous nutrients present in the ejaculate and transferred to females and eggs thereby improving female fitness (this paper), and there is last male sperm precedence (López-León et a!., 1993). Futhermore, there is a second male strategy to assure paternity, namely a very prolonged copulation (1 or 2 days). However, these two mechanisms do not seem enough to guarantee a high paternity confidence for E. plorans males; this is suggested by the fact that males that had to displace the sperm of the first male crossed with type 3 females, actually increased their mating frequency. Since multiple mating operates in E. plorans natural populations (M. D. López-León et al., unpublished data), the mating system of this species is most likely polygynandry, because males are unlikely to be able to remate the same female in the field. It could well be the same in most grasshopper species.
The low paternity confidence makes it highly uncertain that a male's ejaculate nutrients are invested in his own offspring. Hence, from the male point of view, ejaculate nourishment is most likely a kind of mating effort rather than paternal investment.
In conclusion, the main strategies to assure paternity in E. plorans seem to be: (i) to copulate very frequently, and (ii) to perform a very prolonged copulation, as a way for mate guarding. Both strategies are beneficial for females because they receive nutrients that increase their reproductive output. Frequent mating is also beneficial for males because it increases male paternity probability by increasing the chance of being the last male mated to a female immediately before laying. These reproductive activities, however, are costly for both sexes; males have the costs of producing nutrients to incorporate into the ejaculate and of a prolonged copulation for mate guarding thus losing opportunities of inseminating other females. But the most important
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cost for both members of couples is predation risk, because they cannot fly and have much more difficulty in jumping. Predation risk, however, may be highly variable among populations depending on predator density. This could even mean that copulation duration may be variable among populations as a result of a survival-reproduction trade-off.
